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An vdNan biosensorf rdetecti n fceils> proteins and DNA 



SUMMARY OF INVENTION: 

Part I: a method to detect proteins in cell culture, the developmental sUge of cells growing in culture and/or the 
production of specific proteins. 

Partll: a method to detect the presence of bacteria or other microorganisms in liquid or gaseous phase. This 
would have applications in bioterrosism protection as such a device placed in water supplies or air ventilation 
channels would provide constant monitoring and a electrical early warning signal. The system could also have 
application in medical diagnosis and environmental monitoring. 

Part ni: a method using a Nanobiosensor to detect specific nucleic acid molecules. This sensor could have 
applications in pathogen detections, genotyping, gene expression assay, medical diagnosis and envimonmental 
'monitoring. 



PART I; D evetoping Nanoacoostk Biosensors for Loblolly PineCell Culture and Mill Process Cliemistry 

Dr. John Caimey. Associate Professor, Forest Biology Group, Institute of Paper Science and Technology, 
Atlanta GA 30318 

Dr. William D. Hunt. Professor, School of Electrical and Computer Engineering, Geor^a Institute of 
Technology, Atlanta, GA 30332 

EXECUTIVE SUMMARY: 

Using Nanolechnology and Biotechnology, the objectives of this project are to develop an all-electronic, ultra- 
sensitive acoustic wave biosensor that will enable the detection of trace amounts of biomarker proteins in pine 
tissue culture and to demonstrate the potential of adapting this technology for Mill Process Chemistry. One of 
us (WH), using antigen binding to specific antibodies has developed a high frequency nanoacoustic sensor 
.capable of detecting a few attograras of protein (1 attogram = 1 x 10 -18 grams) in a gas-phase environment. 
Hiis novel sensor technology will provide a new class of chips that can probe in real time a variety of target 
analytes. A chip (excluding the antibody biofilm) containing a 100 element array of lOOjxm xlOOjim scnsbis 
would cost roughly $3.50, further, a full system for reading the chip would be the size of a Palm Pilot or 
Blackberry Pager and hence would have a per-unit cost on the order of $500. Our experimental plan is to affix 
antibodies to a substrate and demonstrate the binding to them of plant cell proteins using the ultra-sensitive 
acoustic wave biosensor system, in a liquid phase environment. We will then use molecular biology procedures 
to clone a pine copy of the gene for an important marker protein (SERK), generate antibodies to this pit}tein and 
using the above procedure, demonstrate detection of the protein in different cell lines* at the attogram level. 

Interfadne Technology Areas: Project Description 

This proposal describes work employing Biotechnology and Microelectronics at the nano-scale. to produce a 
novel highly-sensitive biosensor with molecular specificity. There arc two main goals of the project: 

^) Develop a tool to improve plant tissue culture. The NanoAcoustic biosensor (Nabio) will detect 'maricer 
proteins' that serve to identify healthy pine embryogenic cultures. The project thus aligns with a program goal 
('Develop a Higher Value Raw Material Supply*) and with a current IPST program goal. 



2) Build a platfonn for innovation in other areas of the industry. An approach, similar to that described 
below, has been dcmonstrated.sura^^ by pnejof us (WH),.By.sho!)^g.s^^ pilot proiect.desciibed. 
in our proposal, the technology can be expanded and adapted for other application areas to detect trace amounts 
of other small molecules in other forestry, pulp or paper making processes such as Oxalate or Barium Sulfote, 
using substrate interactions rather than Antigen-Antibody bbding. 

Industrial Need: The principal cost of paper making is raw material and the availability of low-cost fiber from 
fast growing trees in subtropical regions has given companies in South America and Southeast Asia a 
competitive advantage over US companies. Under the best management practices, elite trees grown in the 
Southern US match growth rates for subtropical regions. Somatic Embryogenesis, a plant tissue culture 
technique for pine embryo multiplication, has great potential of providing large numbers of elite seedlings 
(Pullman el al 1998, GrossnicUe and Sutton, 1999). The process works well for spnice and fir and is in pilot 
commercial phase in Canada, however for loblolly pine, the most important tree in the Southern US, the process 
is recalcitrant and dependent on the genetic makeup of the source trees. Recent work by one of us (JQCaimey et 
al 2000) shows that it is possible to identify the molecular differences between healthy embryo cultures and 
cultures that produce few or sickly embryos. At IPST we are conducting work to identify the key enzymes that 
will indicate embryo quality. Recent work in other laboratories has Identified a Somatic Embryogenesis 
Receptor Kinase (SERK) protein whose activity stimulates embryogenesis (Hetch et al 2001). Identifying 
cultures with elevated levels of this protein or identifying treatments that boost these levels would be of great 
advantage to our program. A system for simple, rapid delation of key protein markers in real time would be a 
valuable tool in tissue culture. 



Novel Strategy for Quantifying small amounts of Protein 

To provide a brief introduction to our approach, we have constructed vapor phase biosensors by inunobilizing a 
monolayer of antibodies onto the surface of a Surface.Acoustic Wave (SAW) device as is shown schematically 
in Appendix, Figure l.a. The device is then connected into an oscillator circuit and the frequency of oscillation 
can then be precisely measured. Frequency is the physical parameter which can most accurately be measured 
and resolution in the range of parts per billion are readily achieved. When the antigen binds to the antibody, the 
acoustic velocity is decreased and the oscillator frequency shifts to a lower value. For our devices we have 
obtained sensitivities of approximately 20Hz/pg with a detection limit just under a picogram. 

Commercial Opportunity 

Industrial Benefit . The potential of Somatic Embryogenesis for the Pulp and Paper Industry is great. An 
economic model developed by an industry consulting firm, Jaakko-Poyry, was used to identify a wood fiber cost 
ranging from S100-140/FMT (finished metric ton product). Given a potential savings of SIS/FMT (a consensus 
figure) on a US industry-wide production of 50 million wet tons softwood processed/year, the savings realized 
by production of seedlings through somatic embryogenesis would be about $1 billion/year. This figure does not 
include advantages that accrue from mukiplication of genetically improved trees produced by breeding 
programs, thus savings may be even greater. The proposal focuses on performance of Somatic Embryo diltures, 
however the expansion of Nabio's, to the detection of compounds affecting product quality in the Mill is held in 
mind and this project intends to provide a delivarable of a new cell culture analysis tool and to create a platfonn 
for the expanding the use of that tool. 

Federal Funding Opportunities for this Project. C onsiderable Government funding for this area of research is 
available. Approximately $46 million has been planned for NIRT and NER awards for this program solicitation 
in FY 2002, subject to availability of funds. The estimated Award size will be in the range $250,000 - $500,000 
per year for up to four years ( http://www,nsf.gov/pubs/"20Ql/n.sffl 1 157/nsff)l 157.html ). This commitment to 
Nanotechnology research is expected to continue. The preliminary work done in the course of the proposed 
project would permit submission of an NSF grant. 

Project Elements, Deliverables, and Timeline 
The project has two phases; 

1) Demonstration of the ability to detect pine proteins in cell extract using this technology 



2) DetecdoQ of pme SERK protein in pine cell culture 



" Obiedivel: 'Denumstntion ofthe abitity to de^ in ceU extracL We will focus, initially/on 

proteins known to be expressed in pine oeU culture and emptoy antibodies to horseradish peroxidase. These 
antibodies detect proteins from a wide variety of species (Sigma and J.Dean, UGA, personal communication). In 
addition antibodies against GUS protein and NFT-11 protein may be used with transgenic pine cultures 
Antibodies to horseradish peroxidase and will be obtained commercially and fixed to a substrate according to 
previous practice (see Appendix). Cell culture media containing actively growing pine embryogenic cultures 
will be assayed. In addition early stage embryos will be harvested and cell extracts made. The detection system 
will be exposed to the media or cell extract and the binding of horseradish peroxidase will be detected. Since the 
Nabio sensor acts in real time reaction kinetics of the binding event can also be monitored. 

Objective 2a Isolation of pine SERK clone and generation of Antibodies. Based on the published sequence of the 
Arabidopsis SERK protein, degenerate primers will be designed and a pine homolog will be cloned by PCR.. 
The PtSERK cDNA will be cloned into a protein expression vector and protein will be generated Antibodies will 
be generated in rabbits by a Animal Pharm Services Inc. (http-7/guide.labanimal.coni/opmpany/21.html). 
Objective 2b Detection of SERK protein in pine tissue culture will be as described above 1 . 
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Deydoping Nanoacoustic Biosensors for Loblolly Pine Cell Culture and Mill Process Chemistry 

Dr. John Caimev, Associate Professor, Forest Biology Group, Institute of Paper Science and 
Technology, Atlanta GA 30318 

Dr winiam D Hunt, Professor, School of Electrical and Computer Engineering, Georgia Institute of 
Technology, Atlanta, GA 30332 



Novel Strategy for Chiantifyinp sma ll amnunte of Protein 

To provide a brief introduction to our approach, we have constructed vapor phase biosensors by immobilizing 
a monolayer of antibodies onto the surface of a Surface Acoustic Wave (SAW) device as is shown 
schematically in Figure la). The device is then conifected into an oscillator circuit and the frequency of 
oscillation can then be precisely measured. Frequency is the physical parameter which can mc«t accurately 
be measured and resolution in the range of parts per billion are readily achieved. When the antigen binds to 
the antibody, die acoustic velocity is decreased and the oscillator frequency shifts to a lower value. For our 
devices we have obtained sensitivities of approximately 20Hz/pg with a detection limit just under a picogram. 

To verify vapor phase analyte binding events, we developed a fluorescent antibody/analyte assay. 
This was to provide a method, independent of the SAW device response, to detect the occurrence of a 
molecular binding event. SAW devices writh and without anti-FTTC antibody films were tested against two 
different fluorescent analytes: uranine and Alexa Fluor®. A specific analyte was presented by bubbling 
nitrogen at Iml/sec through one liter of a InM aqueous solution of the analyte compound. After brief, 15 
second, exposure to the analyte vapor in the SAW sensor system, the T08 packaged devices (Figure lb) 
were puUed from tfie system, washed with buffer to remove unbound analyte, and tiien viewed using a Zeiss 
LSM510 confocal fluorescent microscope (CLSM). If fluorescence was observed in the CLSM image, this 
was taken as evidence of bound fluorescent analyte. 




Fipre 1: a)SAW Immunoassay Sensor b)T0-8 Packaged SAW resonator 

and attendant oscillator circuit 



^to tedmique for ST-Quartz SAW re sonat or bioscnsors[Stubbs, 2001 #9] wiU soon be pi Alished in 

Biosensors and Bioelectronics. By using fluorescent molecules as the analyte, Hunt was able to observe the 
molecular recognition event by two independent means: fluorescent microscopy and resonator frequency 
shift. Fluorescent spots in the CLSM image. Figure 2b, shown below represents the uranine molecules 
captured by the anti-FTTC antibodies immobilized on the metal electrodes. These fluorescent molecules were 
not released even after washing with a buffer, handling and a time period of roughly 30 minutes. In our 
methods we used a thin layer of bydrogel over the immobilized antibodies to provide a near-aqueous 
environment necessary for maintenance of the tertiary structure of these biomolecules. The electronic 
measurements, shown in Figure 2a), indicate the binding of the antigen to the antibody by virtue of a baseline 
shift in the SAW resonator response. This work demonstrates that an acoustic based biosensor can be used 
for the detection of small molecules in the vapor phase. 

In the proposed project we will extend this work for a more conventional immunoassay application, namely 
the detection of proteins in the liquid phase. We will immobilize anti-SERK antibodies onto the surface of 
high frequency lOO^un diameter ZnO resonators which are capable of sensitivities in the attogram range. The 
surfrtce di^lacement of the sensor is in the range of a few Angstroms and the antibodies are nanoscale 
stnictuies specifically designed for molecular recognition. We will tailor our designs in this program for low- 
cost, ultra-sensitive applications for embryonic cell cultures. 
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Figure 2: a) SAW response to uranine b) CLSM image of anti-FTTC SAW chip 

after exposure to uranine vapor 



Hunt's group has done considerable work in the area of fabrication, testing and analysis of acoustic 
waves m ZnO thin films on GaAs and will leverage that expertise in this program [Kim, 1994 #23][Kim, 1995 
#26][Smilh, 1995 #25](Kim, 1995 #26][01utade, #27]. A photograph of one of these acoustic resonators that 
we have fabricated on a substrate which also contains GaAs HBT electronics is shown in Figure 4.a. This 
picture represents some of the results of an ongoing project between Rf Micro*Devices (RFMD) of North 
Carolina and Georgia Tech. We have also deposited ZnO films using the same RF Magnetron sputtering 
system for the creation of high-frequency (1.9 GHz) resonators on Si substrates. These ZnO thin film 



resonators (TFRs) are comprised of a thin, e.g. h6\Am, layer of ZnO sandwidied between two metal 

electrodes. This ZnO film structure lies over a via hole micromachined through the^^As substrate. 

There axe wvefa aspKis of ^0^ accchnplisfimehts'to da^ which have a subslantui 

impact on the proposed project. We have been able to demonstrate ZnO film thickness uniformity of less 
than 15% over a 3 inch wafer with piezoelectric coupling constant, k,, which is 93% of the value predicted 
for pure crystalline ZnO. In addition, wc have typically achieved resonator Qs of 450 for TFRs 
these films on Si substrates. In short, we have demonstrated that we can sputter high quality ZnO films over a 
large substrate area whidi is absolutely essential for the proposed 2D biosensor array. 



Potential Uses of Invention Described in Part I: 

Detection of proteins produced by plant, animal or yeast cells. 

These proteins may act as indicators to reveal the developmental stage of cells growing in a bioreactor or the 
production of desired proteins by such cells 



Use in Bioreactors 

The ability to reflect the presence of a specific protem by an electrical signal can find use in process cell culture, 
biochemistry and chemistry, since the system could be automated such that additions could be niade to a 
reaction In reqwnsc to the electrical signal generated when the protein is detected. This has applications in 
process control. 

This system could be adapted to detect molecules other than proteins using the same process. 

The density of a culture could be monitored using the same system, where a culture was heterogeneous and only 
a certain form of cell (a certain stage of development or growth) was of interest, the number of cells of that 
particular form could be detected above a background of similar but undesired cells. Such a discrimination 
would be difficult or time consuming using current methodologies. 



PAirrn: Detection f Bacteria Using a N Nan biosensor 
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reference crystal 



PRINCIPLE OF BACTERIAL DECTECTION: . 



Nanobioseosor Assay 
Chamber 




Bacteria expressing a membrane 
protein are bound to crystal via a 
binding event between a bacterial 
membrane protein (e.g. MalE) 
and an antibody which 
specifically recognizes that 
membrane protein (in this 
example, anti-MalE). A 
frequency change occurs in the 
nanobiosenson 




Bacteria NOT expressing the 
specific membrane protein 
recognized by the antibodies on 
the crystal are NOT bound and no 
frequency change results. 



Nanobiosensor 
Chamber 



Pntential Use^ nf InventioP IVscribcd in Part IL 



«{ayet Y/Bio-tefrorisiB: 

TTic piesence of a Nanobiosensor b streams, water supplies or any otha desired location would be of great 
valuK as real time, instant efectionic signab can be detected to reveal die presence of a targeted ptobc. 

The presence of such a Nanobiosensor in air cooling systems and other environmental conditioning 

would piovide instant messaging and continous moniloring of air Sttn>ly. The value of swift alert to buddmg 

occupants could result in the saving of lives. 

TTie presence of a particular fonn of a microorganism (e.g the virulent fom of pathogpn) could be drterted vi 
the Muobiosensor detecting a microbial protein associated with that slate. In this way the sensor can detect 
modifications in microbial gene expiesaon wbidi are of interest to the person momtotmg the system. 



Medicine: 



The detection of pathogens in patients in bodily fluids (e«g. blood) 

The detection of pathogens in patients in bodily fluids through implantation adjacent to indwelling 
devices 
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PRINCIPLE OP DNA DECTECTION: 



Nanobiosensor 
Assay Chamber 



'Ml' 



I I I 1 1 
J-UXI 



I M I I 
ULUJ 



DNA hybridizing to specific 
sequences tethered to the crystal 
wiU produce a frequency change. 
Non-homologous DNA will not 
bind and no frequency change 
will occur. 



Potential Use of the Invention Described in Part Dl: 



Gene Expression Detection; 

1. This biosensor can find use in DNA arrays. DNA chips and similar gene expression assay sy^ems 
where nucleic acid hybridization is used as an assay of gene expression. This system would produce an 
clectricaUy detected signal, revealing DNA hybridization to the DNA coated on the biosensor. In this 
respect the biosensor is simflar to one clement of a DNA array. DNA array hybridization currentiy is 
detected using imaging technology : binding of fluoresccntly- or radioactively-tagged probes is detected 
and intensity of bound probe is quantified and often viewed as 'false' color. Detection occuis after 
hybridization signals are processed. The Nanobioscnsor described above would provide mstantaneous 
infomation with the amount of hybridization (and thus amount of a specific nucleic add molecule) 
reflected in the scale of frequency change. 

An array of 10 000 nanobiosensore, each coated with a specific nucleic acid molecule, would give r^id 
information on 10 000 separate hybridization reactions. In a system where individual Nanobiosensor 
• outputs could be separately monitored expression of specific genes could be foUowed and instant 
information on gene expression could be obtained. 



Medicine: 

Monitoring patients responses to drugs 

Monitoring patients progress during illness 

Early detection of physiological responses - an aid in diagnosis 



A griculture: 

Monitoring plant responses to environmental changes or to application of nutrients. 
Environmental Monitoring: 

Monitoring changes in microorganisms, flora or fauna in streams, wetlands etc 



DNA Genotvping; 

The biosensor would find use in detection of specific genetic traits through selective hybridization to different 
DNA sequences. Specific alleles, or mutations or single nucleotide polymorphisms (SNPs) can be detected by 
hybridization. The Nanobiosensor described above would provide instantaneous information on hybndization. 

This invention would find use in: 



Genetic Screening: 

Early detection of sequences linked to genetic diseases or predisposition could be detected as outlined in 
examplel above. 

Microorganisms, viruses etc could be detected by virtue of hybridization. This would find appliMtion in b 
medical fields and environmental monitoring as human and/or animal or plant pathogens could be rapidly 
detected. 



Safety/Defense against Bio-terrorism; 

The presence of a Nanobiosensor in streams, water supplies or any other desired location would be of great 
values as a real time, instant electronic signal can be detected to reveal the presence of a targeted probe. 
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WHAT IS CLAIMED: 



1 . An apparatus as described herein and as shown in the Figures, including each 
limitation and embodiment; and 

2, A method of opCTation as described herein and as shown in the Figures, 
including each and every limitation and embodiment 
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